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environmentally damaging, non-renewable fossil fuels. A key challenge in converting LCB to bioethanol is the
incomplete utilisation of all available sugars. To address this, the hemicellulose fraction, consisting mainly of
xylan, should be converted to the desired product alongside cellulose. This study aimed to develop natural isolate
strains of Saccharomyces cerevisiae capable of xylose utilisation and xylan degradation. Strains YI13, YI59 and
FIN1 were selected for potential industrial applications due to their high fermentation performance levels under
environmental stress and enhanced ethanol production compared to laboratory strains. Xylose utilisation was
achieved in these strains by introducing heterologous xylose isomerase (XI) and xylulokinase (XKS) gene cas-
settes and a xylose transporter (XTR), followed by adaptive laboratory evolution (ALE) in minimal xylose media.
The evolved strains were further engineered for cell-associated xylosidase and secreted xylanase activities,
yielding variants with strong enzyme activities, optimized xylose metabolism, and high ethanol production from
both xylose and xylan. The final engineered version of YI13 showed the best xylose and xylan conversion, with
maximum ethanol titres of ~7.1 g/L from 20 g/L xylose and ~4.7 g/L from 40 g/L xylan, among the highest
ethanol titres from polymeric xylan by direct microbial conversion reported to date. The development of these
S. cerevisiae strains provides a useful platform for future development of robust xylan-converting S. cerevisiae
strains for large-scale ethanol production, although validation on real-world lignocellulosic feedstocks is still
required.

1. Introduction

biofuels (Srivastava et al., 2021; Van Zyl et al., 2011).
LCB polymers, namely cellulose, lignin, and hemicellulose, can be

The production of biofuels has been of particular interest as a sus-
tainable alternative to fossil fuels due to its applicability in the transport
sector and has been the focus of many studies over the last five decades
(Ang et al., 2022; Usmani, 2020). The dominant approach has been to
derive liquid fuels from easily accessible sugar-based and oil-based
feedstocks, but problems with this approach arose, with one major
issue being the possible impact on food security (Hill et al., 2006; Hoang
and Nghiem, 2021; Tudge et al., 2021). LCB is seen as a promising
renewable feedstock for sustainable production of fuels and chemicals
that can be utilised with minimal effect on food stocks, while also having
greater environmental benefits compared to petroleum and food-based

directly utilized by microorganisms; however, their conversion is con-
strained by several limitations (Tran et al., 2019). While early research
primarily targeted the cellulose fraction of LCB (Mert et al., 2016),
numerous subsequent studies have also emphasized the utilization of the
hemicellulose fraction, recognizing the importance of converting most
of the available sugars in the feedstock into ethanol (Nogueira et al.,
2020). Hemicellulose can represent as much as 35% of the sugar avail-
able in certain LCB sources, mostly in the form of the polymer xylan,
which is rich in xylose (Chaudhary et al., 2023). If xylan can be broken
down through the action of xylanolytic enzymes, the sugar monomer
D-xylose can be released and made available for assimilation.
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The host organism generally used for ethanol production from LCB,
Saccharomyces cerevisiae, does not contain a xylose assimilation
pathway. However, it can be engineered for xylose-utilisation through
the incorporation of either the xylose oxidoreductive (XO) pathway or
the XI pathway (Lane et al., 2018a). While the incorporation of one of
these pathways can successfully enable xylose-utilisation in S. cerevisiae,
the yeast will generally not be capable of rapid xylose consumption
without further engineering (Park et al., 2020). Instead, additional
rational and metabolic engineering is required, including ALE to allow
for the accumulation of natural mutations that improve the yeast’s
ability to use xylose, the introduction of XTR-encoding genes that help
facilitate transport of the sugar across the cell membrane (Jiang et al.,
2020), and the knockout of the native GRE3 gene, which encodes a
non-specific aldose reductase that enables xylitol production from
xylose, which can lead to inhibition of the XI enzyme.

While any attempt to maximise the conversion of LCB to ethanol
requires that both glucose and xylose be utilised, engineered strains of
S. cerevisiae prefer glucose metabolism and will usually not utilise xylose
in the presence of glucose, a phenomenon known as glucose repression
(Das et al., 2023; Lane et al., 2018b). Another major challenge in glu-
cose—xylose co-utilisation is the markedly reduced xylose consumption
observed once glucose is depleted (Chen et al., 2023). Strategies to
alleviate strong glucose repression include disrupting key genes in the
glucose repression pathway and introducing dedicated XTRs to mini-
mize competition with native hexose transporters (HXT), among other
approaches (Jiang et al., 2020; Shin and Kim, 2020).

The breakdown of xylan is essential as most of the sugar available in
LCB is in the polymeric form, inaccessible to the fermenting organisms
(Chaudhary et al., 2023; La Grange et al., 2001). Xylo-oligosaccharides
(XOS) are short-chain xylose polymers resulting from the enzymatic
breakdown of the xylan polymer or formed during pretreatment pro-
cedures (Chaudhary et al., 2023). The hydrolysis of XOS is a critical step
in the conversion of hemicellulose to ethanol, however, XOS may also
inhibit lignocellulolytic enzyme activity and promote contamination by
supporting bacterial growth (Jonsson and Martin, 2016). For the yeast
S. cerevisiae to break down xylan and XOS into the simple sugar xylose,
xylanolytic enzymes are needed, with the most important being
endo-f-xylanase and f-D-xylosidase (Malgas et al., 2021).
Endo-f-xylanase functionally reduces the degree of polymerisation of
xylan by acting on its backbone and shortening the chains of xylose
(Chaudhary et al., 2023). p-Xylosidase activity targets the resulting
shorter chains by cleaving xylose monomers from the non-reducing
termini, yielding free xylose units (Rohman et al., 2019).

While laboratory strains of S. cerevisiae are commonly preferred for
developing recombinant strains owing to their well-characterized ge-
nomes and ease of genetic manipulation, they generally lack the
robustness of industrial S. cerevisiae strains, particularly in terms of
tolerance to environmental stresses, fermentation inhibitors, and high
ethanol concentrations (Cagnin et al., 2021; Da Silva Fernandes et al.,
2022; Nevoigt, 2008). Natural isolates of S. cerevisiae with resistance to
stressors present during fermentation of LCB may thus be better suited
for second-generation biofuel production (Cagnin et al., 2021). Previ-
ously engineered industrial S. cerevisiae strains have demonstrated high
ethanol yields during xylose fermentation, with reported yields ranging
from 0.31 to 0.46 g/g xylose consumed when cultivated in synthetic
media containing xylose (Brat et al., 2009; Demeke et al., 2013; Diao
etal., 2013; Kim et al., 2013; Li et al., 2016a; Matsushika et al., 2014; Xie
et al., 2020; Zeng et al., 2016).

The focus of this study was to enable the direct conversion of xylan to
ethanol in natural isolates of S. cerevisiae, thereby maximizing the uti-
lization of LCB without the addition of exogenous enzymes and
enhancing overall ethanol production efficiency in robust yeast strains.
The first step toward achieving this goal involved engineering naturally
fermentatively robust S. cerevisiae strains to incorporate a xylose-
assimilation pathway, including the introduction of an XTR and
further strain optimization, thereby enabling efficient xylose utilization
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with high uptake rates. The strains were then further engineered with
xylanase- and xylosidase-encoding genes, which allowed them to
convert monomeric and polymeric hemicellulose substrates to ethanol.

2. Methods
2.1. Bacteria and yeast culturing

All chemicals and media components used were of laboratory grade
and purchased from Merck (Modderfontein, South Africa), Neogen
(Lansing, Michigan, USA) or Sigma-Aldrich (St. Louis, Missouri, USA)
unless otherwise stated. The Escherichia. coli DH5a (Invitrogen, Thermo
Fisher Scientific, Waltham, Massachusetts, USA) hosts containing the
plasmids used (Supplementary Table S1), were inoculated into Luria-
Bertani (LB) media (5 g/L yeast extract, 10 g/L tryptone, 10 g/L NacCl)
supplemented with 100 pg/mL ampicillin sodium salt for selection and
incubated on a rotating wheel overnight at 37 °C. After incubation, DNA
minipreps were performed to isolate plasmid DNA using the Zyppy™
Plasmid Miniprep Kit (Zymo Research, Irvine, California, USA) accord-
ing to the manufacturer’s instructions.

All natural isolate yeast strains and their recombinant derivatives
used in this study are summarised in Table 1. The natural yeast isolates
S. cerevisiae YI13, YI59 and FIN1 were previously described (Davison
et al., 2016). These diploid strains were selected for potential industrial
application, offering greater versatility and robustness under environ-
mental stress compared to domesticated strains. The strains have pre-
viously been sequenced, and multiple omics analyses have been
conducted to elucidate how their genetic diversity influences robustness
under environmental stress, transformability, and genome-editing effi-
ciency (De Witt et al., 2019). Yeast strains were cultivated either on
yeast extract, peptone (YP) and D-glucose / xylose (YPD / YPX) media
(10 g/L yeast extract, 20 g/L peptone, and 20 g/L glucose or xylose and
20 g/L agar for plates only) or liquid synthetic complete (SCV**) media
(1.7 g/L yeast nitrogen base w/o0 amino acids and ammonium sulphate
[Difco laboratories, Detroit, MI, USA], 5 g/L (NH4)2SO4, (carbon source
as specified), and 1.5 g/L amino acids pool without uracil. All SC media
cultures were also supplemented with 100 ug/mL ampicillin sodium salt
and 100 pg/mL streptomycin (Gibco, Thermo Fisher Scientific). Plate
cultures were incubated for 48 h at 30 °C, and liquid cultures were
incubated on a shaker at 30 °C and 180 revolutions per minute (rpm),
unless otherwise stated. Growth levels were determined by taking op-
tical density (OD) measurements of the precultures at a wavelength of
600 nm (ODgp) at regular intervals on a SPECTROstar Omega Micro-
plate Reader (BMG Labtech). DCW values for growth trial experiments
were obtained by using standard curves set up for each host strain
plotting ODgg values against their corresponding DCW values measured
for the same samples at the same time point (Meinander et al., 1996).

2.2. Plasmid construction

All plasmids used in this study are summarised in Supplementary
Table S1, while the primers used are listed in Supplementary Table S2.
All polymerase chain reactions (PCRs) were performed with Taq 2x
Master Mix RED (Ampliqon, Odense, Denmark) (1.5 mM MgCl,), con-
sisting of an initial denaturation step at 95 °C for 5 min, followed by 31
cycles of denaturation at 95 °C for 30 s, annealing at a primer dependent
temperature for 30 s and elongation at 72 °C for a product size depen-
dent time with a final elongation step at 72 °C for 7 min. Details of
annealing temperatures and elongation times for specific reactions are
provided in the sections below and in the supplementary materials.

pSED1p-DIT1t is a cloning plasmid described by Fortuin and Den
Haan (2025). To clone an open reading frame (ORF) under control of the
SED1 promoter (SED1p) and DIT1 terminator (DIT1t), the plasmid was
digested with Pacl and SgsI (Thermo Fisher Scientific) according to
manufacturer specifications. Nucleotide sequences for three different
XTR genes [C. intermedia gxf1 (GenBank: AJ937350.1), C. sojae Cs4130
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Table 1
Yeast strains used in this study.

Journal of Biotechnology 417 (2026) 17-30

Strain

Abbreviated name

Description

Source

S. cerevisiae YI13 + pCas9-NAT

S. cerevisiae YIS9 + pCas9-NAT

S. cerevisiae FIN1 + pCas9-NAT

S. cerevisiae YI13 + DELTA_ SXI2 +xyl3

S. cerevisiae YI59 + DELTA_ SXI2 +xyl3

S. cerevisiae FIN1 + DELTA_ SXI2 +xyl3

S. cerevisiae YI13 + DELTA _SXI2 +xyl3_ + 10_XTR1

S. cerevisiae YI13 + DELTA _SXI2 +xyl3_ + 10_XTR2

S. cerevisiae YI13 + DELTA_SXI2 +xyl3. + 10_XTR3

S. cerevisiae YIS9 + DELTA _SXI2 +xyl3_ + 10_XTR1

S. cerevisiae FIN1 + DELTA _SXI2 +xyl3_ + 10_XTR1

S. cerevisiae YI13 + DELTA_SXI2 +xyl3. + 10_XTR1_
+ AGRE3 xyn2_

S. cerevisiae YI59 + DELTA _SXI2 +xyl3. + 10 XTRI1_
+ AGRE3 xyn2

S. cerevisiae FIN1 + DELTA _SXI2 +xyl3.
+ AGRE3 xyn2_

S. cerevisiae YI13 + DELTA _SXI2 +xyl3. + 10 XTRI1_
+ AGRE3.xyn2_+ 11 xIn43-SED1_

S. cerevisiae YI59 + DELTA SXI2 +xyl3. + 10 XTR1_
+ AGRE3 xyn2_+ 11 xIn43-SED1_

S. cerevisiae FIN1 + DELTA _SXI2 +xyl3_
+ AGRE3.xyn2_ + 11 xIn43-SED1_

YI13-pCas9
YI59-pCas9
FIN1-pCas9
YI13-XI/XKS
YI59-XI/XKS
FIN1-XI/XKS
YI13-XI/XKS-XTR1
YI13-XI/XKS-XTR2
YI13-XI/XKS-XTR3
YI59-XI/XKS-XTR1
FIN1-XI/XKS-XTR1
YI13-XI/XKS-XTR1-
AGRE3 xyn2
YI59-XI/XKS-XTR1-
AGRE3_xyn2
FIN1-XI/XKS-
AGRE3 xyn2
YI13-Final

YI59-Final

FIN1-Final

Yeast natural strain isolate YI13 transformed with pCas9-NAT
Yeast natural strain isolate YI59 transformed with pCas9-NAT

Yeast natural strain isolate FIN1 transformed with pCas9-NAT

Minnaar and Den
Haan, (2023)
Minnaar and Den
Haan, (2023)
Minnaar and Den

Haan, (2023)
YI13 with the xylose isomerase and xylulokinase gene construct ENOIp, This work
1.8XI2 + ENOZ2p1_xyl3 amplified from pDLG115
YI59 with the xylose isomerase and xylulokinase gene construct ENOIp, This work
1.SXI2 + ENOZ2pr_xyl3 amplified from pDLG115
YI13 with the xylose isomerase and xylulokinase gene construct ENOIp, This work
1.SXI2 + ENOZ2pr_xyl3 amplified from pDLG115
Xylose-utilising YI13 with xylose transporter 1 SED1p XTR1_DIT1y integrated  This work
into Chromosome 10
Xylose-utilising YI13 with xylose transporter 2 SED1p XTR2 DIT1t integrated  This work
into Chromosome 10
Xylose-utilising YI13 with xylose transporter 3 SED1p XTR3 DIT1y integrated  This work
into Chromosome 10
Xylose-utilising YI59 with xylose transporter 1 SED1p XTR1_DIT1 integrated  This work
into Chromosome 10
Xylose-utilising FIN1 with xylose transporter 1 SED1p XTR1 DIT1t integrated ~ This work
into Chromosome 10
ALE adapted xylose-utilising YI13 with xyn2 integrated in the GRE3 This work
integration site
ALE adapted xylose-utilising YI59 with xyn2 integrated in the GRE3 This work
integration site
ALE adapted xylose-utilising FIN1 with xyn2 integrated in the GRE3 This work
integration site
ALE adapted xylose-utilising YI13 with xylanase activity and xin43-SED1 This work
integrated into the chromosome 11 integration site (contains all 5 genes)
ALE adapted xylose-utilising YI59 with xylanase activity and xIin43-SED1 This work
integrated into the chromosome 11 integration site (contains all 5 genes)
ALE adapted xylose-utilising FIN1 with xylanase activity and xIn43-SED1 This work

integrated into the chromosome 11 integration site (contains all genes except

for XTR1)

(GenBank: XM_002546814.1) and T. reesei xltr1 (111901)] were iden-
tified and ordered as synthetic gene sequences codon-optimised for
expression in S. cerevisiae from the de novo synthesis providers, GeneArt
(Thermo Fisher Scientific). The plasmids received, pXTR1, pXTR2 and
PXTR3, were also digested with Pacl and SgsI. The digested products
were separated on a 1% (w/v) agarose gel, and the DNA products were
extracted using the freeze-squeeze method with minor modifications
(Tautz and Renz, 1983). The digested products corresponding to the XTR
genes were individually ligated with the pSED1p-DIT1t digest product
using 5x T4 Invitrogen DNA ligase (Thermo Fisher Scientific) according
to manufacturer specifications, resulting in the formation of
pSED1p-XTR1-DIT1y, pSED1p-XTR2-DIT1y and pSED1p-XTR3-DITlr,
respectively.

PRS42-G-gRNA (Jacob et al., 2022) was digested with Bsal (Thermo
Fisher Scientific) to use as a guide RNA (gRNA) scaffold plasmid host.
The digested plasmid was separated on a 1% (w/v) agarose gel and
extracted using the freeze-squeeze method. Primers GRE3_gRNA-L and
GRE3_gRNA-R were hybridized in a thermal cycler, with a cycle con-
sisting of 98 °C for 2 min, 72 °C for 30 s, 60 °C for 2 min, 37 °C for 30 s
and 12 °C for 30 s, to create dsDNA with overhangs complementary to
the digested pRS42-G-gRNA plasmid. The digested plasmid DNA and
hybridized primer product were then ligated using T4 DNA ligase to
create pRS42-G-GRE3. Ligation products were screened by PCR ampli-
fication, using primers M13-48-L and GRE3_gRNA-R (60 °C annealing,
15 s elongation), as well as through Sanger sequencing (Central
Analytical Facility, Stellenbosch University) with primer M13-48-L.

2.3. Creating xylose-utilising and xylanolytic natural yeast isolate strains

Electrotransformation of yeast strains was performed, based on a
protocol from Cho and coworkers (1999) using a Bio-Rad Micropulser
(Bio-Rad, Hercules, Massachusetts, USA) with the Sc2 setting (1.5 kV,
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200 Ohms, 25 pF) using a 2 mm cuvette (Becker and Lundblad, 1994;
Choetal., 1999). The supplementary material provides a comprehensive
description of all strain construction steps, including the generation of
each transformant, the adaptations required for growth on xylose, and a
graphical overview summarizing the strain development process
(Supplementary Fig. S1). A summary of the strains constructed is also
given in Table 1. In brief, strains were transformed using various
CRISPR-Cas9 based strategies to achieve markerless integration of
genes. First, the dual gene cassette ENO1p,1-SXI2-ENO2p 1-xyl3 encod-
ing a XI and a XKS was PCR amplified to produce a product with ends
homologous to the chromosomal Delta sites, to allow multicopy inte-
gration into the yeast host strains YI13-pCas9, YI59-pCas9 and
FIN1-pCas9 to yield YI13-XI/XKS, YI59-XI/XKS and FIN1-XI/XKS,
respectively, enabling growth on minimal media with xylose as the
sole carbohydrate source (20 g/L SCURA xylose — SCX). After three
rounds of subculturing on SCX for initial adaptation, three
XTR-encoding genes were tested in the YI13-XI/XKS strain after
CRISPR-mediated integration into chromosome 10. A growth trial in
10 mL SCX showed that XTR1 was the best candidate, based on im-
provements in growth on xylose (Supplementary Fig. S5). XTR1 was
subsequently also transformed into YI59-XI/XKS and FIN1-XI/XKS to
yield YI59-XI/XKS-XTR1 and FIN1-XI/XKS-XTR1, respectively.

The three engineered xylose-utilising strains and their counterparts
engineered with XTR1 then underwent a series of subcultures to enable
ALE on SCX media. Adaptations were performed by inoculating a single
colony of each strain into 5 mL SCX tubes and allowing them to grow to a
substantial ODggg value (ODggp = ~5-10) under aerobic conditions,
followed by subcultivation into fresh SCX at a staring ODgoo of 0.1
(Supplementary Fig. S2). After three and fifteen rounds of adaptation,
the XI/XKS and XI/XKS-XTR1 strains underwent a growth trial on SCX
(20 g/L) media. The xylose concentration (g/L) in these cultures was
also measured, using a dinitrosalicylic acid (DNS) based reducing sugar
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assay.

A homology repair template containing the Trichoderma reesei xyn2
gene under control of ENOIp,r with overhangs homologous to a GRE3
integration site was then created and transformed to YI13-XI/XKS-
XTR1, YI59-XI/XKS-XTR1 and FIN1-XI/XKS adapted for fifteen rounds
on SCX. This achieved knockout of the GRE3 gene and integration of the
T.r.xyn2 into these strains. FIN1 XI/XKS was chosen for further engi-
neering as FIN1 XI/XKS-XTR1 yielded colonies a lot smaller than those
of FIN1 XI/XKS, indicating morphological changes. Putative trans-
formants were screened for xylanase activity by spot plating single
colonies onto 0.1% (w/v) AZO-xylan (Megazyme) sc’URA plates and
through PCR amplification of the xylanase gene. Finally, a repair tem-
plate containing the Pyrenophora tritici-repentis xIn43-SED1 fusion gene
under control of ENOIp,r was created with overhangs homologous to a
chromosome 11 integration site to allow integration of this xylosidase
encoding gene into the strains engineered for xylose utilisation and
xylanase secretion. This yielded strains YI13-Final, YI59-Final and FIN1-
Final (Table 1). Putative transformants were tested for xylosidase ac-
tivity and confirmed with PCR (supplementary material).

2.4. Enzymatic assays

Precultures of the engineered strains grown overnight in 5 mL YPD
media were inoculated in triplicate into 10 mL SCX media and incubated
at 30 °C and 180 rpm. Samples of each culture were taken during the
incubation period, at 48 (for xylosidase activity) and 96 h (for xylanase
activity), respectively, to be used for ODgpy measurements and enzy-
matic assays. The ODgoo measurements were used to determine the DCW
(g/L) of each culture, enabling us to express normalised activity as U/
gDCW (Lamour et al., 2019). Xylanase activity was determined using a
liquid activity assay described in Kruger and Den Haan (2022) based on
the (DNS) method outlined by Bailey and coworkers (Bailey et al.,
1992). Yeast cultures were pelleted by centrifugation at 840 g for 1 min
and the supernatants were collected. The culture supernatant was then
used in the DNS-based assay, as previously described (Kruger and Den
Haan, 2022). The total sugar released (g/L) for each culture was also
determined using this method. In addition to the liquid assay used, a
plate assay was performed by spot plating 3 pL of the engineered strains
onto 0.15% (w/v) AZO-xylan plates and incubating at 30 °C overnight.

For measuring xylosidase activity, the p-nitrophenyl-p-D-xylopyr-
anosidase (pNP-X, Sigma-Aldrich) based method outlined by Kersters-
Hilderson and co-workers (Kersters-Hilderson et al., 1982) and Pouta-
nen and Puls (Poutanen and Puls, 1988) were used, as described by
Kruger and Den Haan (2022). Whole culture samples of the yeast strain
cultures were used in the pNP-X assay. Enzyme activity was determined
in units per litre (U/L) with one unit defined as the amount of enzyme
required to produce 1 pmol of reducing sugar or equivalent per minute.
These values were then divided by the gram DCW per litre amounts for
each culture to obtain values with units of (umol/min)/L per gram of
DCW per litre, i.e., U/gDCW.

2.5. Growth on xylose

In preparation for growth trials on xylose-based media, flasks con-
taining 10 mL SCX or 10 mL YPX media were prepared. The final
engineered strains were prepared for growth trials on xylose media by
inoculation of single colonies into either SCX or YPX media (5 mL) and
incubation at 30 °C with shaking. After sufficient growth was reached,
SCX and YPX flasks were inoculated from either SCX or YPX precultures
to a starting ODgoo of 0.1 and incubated on a shaker. ODgoo measure-
ments for the cultures were taken over the duration of the incubation
period and converted to DCW (g/L) values. Xylose concentrations (g/L)
of the cultures were also measured over the course of the incubation
period by using the DNS-based reducing sugar assay.
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2.6. Growth on XOS and xylan

To measure growth on XOS, engineered strains were inoculated into
flasks with 10 mL SC XOS media containing 40 g/L XOS (Carl Roth,
Karlsruhe, Germany). The flasks were inoculated from YPD precultures
to an ODggg of 0.1 and incubated on a shaker for the duration of the
growth trials. OD measurements of the cultures were taken at a wave-
length of 600 nm at regular intervals on the SPECTROSTAR plate reader.
The ODggo values obtained for the yeast strain cultures were converted
to DCW (g/L) values.

For growth on xylan, flasks were prepared containing 10 mL SC xylan
media with 40 g/L Beechwood xylan (Megazyme) as sole carbohydrate.
Strains were inoculated into flasks from YPD precultures to an ODggq of
0.1 and incubated on a shaker, with samples being collected at 24-h
intervals. The samples were diluted as necessary, after which the cells
per mL were measured by counting the total cells in each sample.
Counting was done with a Neubauer-improved haemocytometer
counting chamber (Paul Marienfeld GmbH and Co0.KG, Lauda-
Konigshofen, Germany), according to the procedure outlined by
Thomson and coworkers (Thomson et al., 2015). The calculated cell
count values (cells/mL) were converted to DCW (g/L) values using a
standard curve set up for this purpose.

2.7. Fermentation and metabolite quantification

To facilitate fermentation on xylose 20 mL rubber stoppered glass
bottles (Lasec, Cape Town, South Africa) containing either SCX (20 g/L
xylose) or YPX (20 g/L xylose) media were prepared, containing a glass
bead to allow for improved mixing of the fermentation broth. A hypo-
dermic needle (0.6 x25 mm TW, Avacare Health, Cape Town, South
Africa) stoppered with cotton wool served as a gas outlet. The SCX and
YPX bottles were inoculated from SCX or YPX 5 mL precultures of the
engineered yeast strains to a starting ODgpo of 0.5. In addition to
fermentation on xylose, the strains were also subjected to mixed-sugar
fermentation, with growth on media containing both glucose and
xylose. 20 mL YP media supplemented with glucose (20 g/L) and xylose
(20 g/L) (YPDX) was prepared in rubber stoppered glass bottles. YPX
precultures were used to inoculate the yeast strains into YPDX bottles to
a starting ODggg of 0.5.

To facilitate ethanol production from xylan, with engineered yeast
strains, rubber stoppered glass bottles were filled with 20 mL SC or YP
xylan (40 g/L) media. YPD (5 mL) precultures of the strains were used to
inoculate the SC and YP xylan bottles to a starting ODggg of 0.5, followed
by incubation on a shaker. Samples of 1 mL were taken from each bottle
at regular intervals during the fermentation process over a period of 12
days.

Following inoculation, the respective bottles were incubated on a
shaker, with 1 mL samples being taken from each bottle at regular in-
tervals during the fermentation process. ODggp measurements of the
samples were taken and converted to DCW (g/L) to determine the levels
of growth at the time the samples were taken. The fermentation samples
were prepared for high-performance liquid chromatography (HPLC)
analysis, along with standards, by adding sulfuric acid (H2SO4) (0.5%)
and filtering through a 0.22 ym nylon membrane syringe filter (Mem-
brane Solutions, Auburn, Washington, USA). Ethanol, xylose, xylitol,
acetic acid, and glycerol concentrations were determined in each sample
by a Thermo Scientific HPLC equipped with a Bio-Rad guard (part #
125-0129) and a refractive index (RI) detector. Compound separation
was achieved on a Bio-Rad Aminex HPX-87H (part # 125-0140)
7.8 x 300 mm column at a temperature of 65 °C, with 5 mM H3SO, as
mobile phase at a flow rate of 0.7 mL/min. Values obtained for each
respective compound were presented as the mean of triplicates in g/L
with their standard deviations.
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2.8. Statistical analysis

All values obtained were presented as the mean of biological tripli-
cates with their standard deviations. Significant differences between
enzyme activities, growth data, and/or metabolite concentrations
attained were investigated using two-tailed unpaired T-tests assuming
unequal variance. A p-value < 0.05 was deemed significant. Calculations
were done using Microsoft Excel.

3. Results

For a summary of the yeast strains used in this study, please refer to
Table 1.

3.1. Confirmation of gene integration and natural yeast strain
construction

To enable the conversion of xylose to ethanol, genes encoding a XI
(B.t.xylA, also named sXI2), XKS (P.s.xyl3), and XTR gene (C.i.gxf1, also
named XTR1) were integrated at different chromosomal sites in the
YI13, YI59 and FIN1 natural yeast strain isolates through CRISPR-Cas9
enabled engineering. This was followed by evolutionary engineering
by ALE on xylose in minimal media. Subsequently, the strains were
engineered with xylanase- (T.r.xyn2) and xylosidase-encoding (P.tr.
xIn43-SED1) genes, while GRE3 was simultaneously knocked out. Suc-
cessful gene integration was confirmed through PCR screening
(Supplementary Figs. S3 and S4). All strains were successfully con-
structed as described in Table 1, apart from the final FIN1 strain which
did not contain the XTR1 gene and its GRE3 gene was intact. Details of
strain construction and confirmation are further discussed in the sup-
plementary material.

3.2. Growth comparisons between strains expressing different XTR-
encoding genes and adaptive laboratory evolution

Three XTR-encoding genes previously reported to be active in yeast
were evaluated for their ability to enhance xylose-utilisation in YI13-XI/
XKS (Supplementary Fig. S5; Supplementary Table S3). Among these,
C. intermedia gxfl1 (XTR1) demonstrated the best performance in the
tested strain background. YI59-XI/XKS and FIN1-XI/XKS were

Xylose concentration (g/L)
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subsequently also transformed with SED1p-C.i.gxf1-DIT17 to yield YI59-
XI/XKS-XTR1 and FIN1-XI/XKS-XTR1, respectively. The engineered
xylose-utilising strains and their XTRI-expressing counterparts then
underwent ALE on xylose as sole carbohydrate by subjecting them to
multiple rounds of aerobic growth in minimal SCX media. The initial
three rounds of adaptation were done to adapt the strains to growing
under these conditions as well as utilising xylose as previously reported
(Diao et al., 2013). After these initial rounds of adaptation, a further
twelve rounds of adaptation were done, for a total of fifteen rounds. The
aerobic adaptation of the strains was successful, as growth gradually
improved from extremely slow growth (taking up to two weeks) to
achieving relatively rapid growth within just three days (Fig. 1).

3.3. Growth comparison of adapted xylose-utilising strains on SCY*4
xylose media

The different versions of the engineered strains with three rounds
and fifteen rounds of aerobic adaptation underwent an aerobic growth
trial on SCX. ODgqp values obtained during the growth trial were con-
verted to DCW (g/L) values and plotted against time (Fig. 1). Xylose
concentrations of the different cultures were also determined by using a
reducing sugar assay. Data from these growth curves were plotted on a
logarithmic scale to calculate the growth parameters of the individual
strains over this period (Table 2). Measurements were taken until a
strain’s DCW reached a value around 5 g/L. Growth still increased for
the fifteen-round strains after this point, but this data was not included
to make comparisons between the three-round and fifteen-round
adapted strains clearer. Over the course of the growth period, the
strains adapted for three rounds displayed longer lag phases and
doubling times, compared to the fifteen-round-adapted strains. The best
performing strain of the strains adapted for three rounds started dis-
playing growth after ~50 h, reaching a DCW value around 5.4 g/L after
190 h with ~52% of available xylose used. The YI13 strains performed
the best out of the three-round-adapted strains, likely indicating that
YI13 is naturally more suited to using xylose compared to YI59 and
FIN1, even though it still required significant improvement.

The strains adapted for fifteen rounds displayed improved perfor-
mance with all strains showing growth after only ~38 h of incubation
and concomitant improvements in doubling time (Table 2). The YI13-
XI/XKS-XTR1, YI59-XI/XKS-XTR1 and FIN1-XI/XKS-XTR1 strains

DCW (g/L)
Xylose concentration (g/L)

0 20 40 60 80
Time (hours)

—e— YI13XTRL 15 rds
FINL XI/XKS 15 rds
Y113 XTR1 15 rds xyl
FINL XI/XKS 15 rds xy!
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Fig. 1. Growth and xylose consumption of adapted xylose-utilising strains on xylose media. A comparison of the aerobic growth levels of xylose-utilising strains on
synthetic complete 20 g/L xylose (SCX) media and their xylose-utilisation after aerobic adaptation on xylose media for a) three and b) fifteen rounds (rds),
respectively, is shown. Growth and xylose concentration were measured over a period of 374 h, but measurements were stopped earlier for faster-growing strains.
The values plotted on the primary y-axis of the graph are the dry cell weight (DCW) values attained for three cultures of each strain, with error bars representing the
standard deviation between cultures. The values plotted on the secondary y-axis of the graph are the xylose concentration (g/L) values attained for one culture of
each strain, with error bars representing the standard deviation between technical replicates. YI13-XTR1, YI59-XTR1 and FIN1-XTR1 refer to the strains described as
YI13-XI/XKS-XTR1, YI59-XI/XKS-XTR1 and FIN1-XI/XKS-XTR1in table 1 and elsewhere.
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Table 2
Growth parameters of the adapted and Final strains on SCX (20 g/L xylose) and
SC xylo-oligosaccharide (40 g/L XOS) media, respectively.

SCX (20 g/L)

Lag phase (h) Doubling time (h) R2
YI13-XI/XKS 3 rds 50 10.5 0.99
YI13-XI/XKS 15 rds 38 7.8 0.99
YI13-XI/XKS-XTR1 3 rds 74 10.1 0.98
YI13-XI/XKS-XTR1 15 rds 24 5.5 0.99
YI59-XI/XKS 3 rds 142 10.6 0.95
YI59-XI/XKS 15 rds 38 8.9 0.98
YI59-XI/XKS-XTR1 3 rds 74 9.0 0.97
YI59-XI/XKS-XTR1 15 rds 24 5.8 0.95
FIN1-XI/XKS 3 rds 166 24.5 0.99
FIN1XI/XKS 15 rds 24 4.8 0.98
FIN1-XI/XKS-XTR1 3 rds 142 8.3 0.99
FIN1-XI/XKS-XTR1 15 rds 24 5.0 0.95
SC XOS (40 g/L)

Lag phase (h) Doubling time (h) R2
YI13-Final 80 12.35 0.98
YI59-Final 100 19.20 0.98
FIN1-Final 72 12.53 0.99

adapted for fifteen rounds had the best initial growth over the first 50 h
and had shorter lag phases and doubling times compared to their XI/XKS
counterparts, showing that the addition of an XTR gave them an
advantage in using xylose, with the exception of FIN1-XI/XKS and FIN1-
XI/XKS-XTR1, which had comparable growth parameters. All strains
adapted for fifteen rounds showed improved growth capabilities
compared to the strains adapted for three rounds, with the strains
obtaining DCW values between 4 and 5,07 g/L after 120 h with
~63-80% of available xylose utilised.

3.4. Xylanolytic activities of engineered strains

Endo-B-xylanase activity was measured by both a plate assay and a
liquid colorimetric assay. The plate assay was conducted on an AZO-
xylan plate, visualised on a light box (Fig. 2A). All three final engi-
neered natural strains were surrounded by a clear zone, indicating that
the strains secreted xylanase activity. For the quantitative assay, strains
were cultured in SCX media and the specific xylanase activity of each
final strain can be seen in Fig. 2B. All three strains showed substantial
xylanase activity, ranging from 220.13 to 769.67 U/gDCW, that should
allow for breakdown of xylan. The engineered lab strain with the highest
xylanase activity described in Kruger and Den Haan (Kruger and Den
Haan, 2022) had an overall xylanase activity level of 67.79 U/gDCW,
using the same ENO1 promoter.

Xylosidase activity assay results indicated that P.tr.xIn43-SED1 was
consistently well-expressed across all strains tested (Fig. 2C). Xylosidase
specific activity for the three final strains was found to be similar,
ranging from 4.11 to 4.43 U/gDCW, with no statistically significant
differences between them (p = 0.52-0.87). The activity levels were also
comparable to the best-performing engineered laboratory strains
described in Kruger and Den Haan (Kruger and Den Haan, 2022).

3.5. Growth of engineered strains on xylose

Growth analysis of the additionally engineered and adapted strains
on nutrient-rich (YPX) and minimal media (SCX) was subsequently
performed (Supplementary Fig. S6). Data were also plotted on a loga-
rithmic scale to calculate the growth parameters of the individual strains
(Supplementary Table S4). The growth on SCX was steady but relatively
slow. YI59-Final had the longest lag phase and the lowest growth
(5.43 g/L DCW), utilising ~70% of the available xylose. YI13-Final
performed notably better with a shorter lag phase and a higher
growth (6.38 g/L DCW), with ~69% of the available xylose used. FIN1-
Final was by far the best strain in terms of growth and xylose-utilisation
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Fig. 2. Xylanase and xylosidase activity of the final engineered natural strains.
a) Xylanase activity is shown as a plate assay on a 0.15% (w/v) AZO-xylan
plate. Cultures grown on liquid SCX for b) 96 h, underwent quantitative xyla-
nase assays, and c), 48 h, underwent quantitative xylosidase assays. Values
shown are the averages of the units per gram dry cell weight (DCW) for three
cultures of each strain, with error bars indicating standard deviation between
cultures. Control strains lacking the heterologous gene displayed no measurable
activity and were omitted. Y294-Xyn2 refers to a xylanase producing strain
described by La Grange et al., (2001), and was used as a positive control here.

on SCX, with the shortest lag phase and highest growth (6.96 g/L DCW),
with ~87% of the available sugar used.

As expected, growth on YPX was significantly improved compared to
growth on SCX, with all three strains entering exponential growth after
~24 h of incubation. All three strains reached a DCW around 10 g/L
after 69 h, with ~94% (FIN1-Final), ~97% (YI59-Final), and ~98%
(YI13-Final) of the available xylose being used, meaning that virtually
all of the xylose present was used for all three strains. While there was
substantial variation in the growth of the strains over the incubation
period, the overall increase in growth for YI13-Final and FIN1-Final over
the entire growth period was similar, while that of YI59-Final was
noticeably slower. YI13-Final consumed more xylose compared to the
other strains, indicating that without the nutrient stress of minimal
media, YI13 was the superior xylose-utilising strain.

3.6. Growth of engineered natural strains on XOS and xylan

Growth trials on minimal media containing either XOS or xylan were
used to test how well the xylanolytic activities engineered into our
strains enabled hydrolysis of these substrates, allowing the release of
xylose for assimilation by the xylose-utilising yeast to contribute to
growth (Fig. 3). Data from the growth curves shown in Fig. 3 were also
plotted on a logarithmic scale to calculate the growth parameters of the
individual strains over this period, as seen in Table 2. During the XOS
growth trial, the background strains showed no signs of growth, which
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Fig. 3. Growth of final natural strains on xylo-oligosaccharide (XOS) and xylan
media. Aerobic growth of all the final engineered strains was recorded over a
period of a) 188 h after being inoculated into synthetic complete (SC) XOS
(40 g/L) media, and b) 260 h after being inoculated into SC xylan (40 g/L)
media. The values on the graph are the average dry cell weight (DCW) (g/L)
values attained for three cultures of each strain, with error bars representing the
standard deviations.

was expected (Fig. 3A). The final engineered strains all showed sub-
stantial growth during the 188-h incubation period. YI59-Final had a
very long lag phase and only started showing substantial growth after
~102h, finally reaching a DCW of 4.22 g/L. YI13-Final performed
better with initial growth measurable after 44 h, with the strain
increasing at a gradual rate to a DCW of 8.14 g/L. FIN1-Final displayed
the best growth of the three strains, with measurable growth starting as
early as 20 h after inoculation and reaching a DCW of 9.32 g/L.

The DCW values obtained across 260 h of the xylan growth trial were
plotted against time for the three final strains, as seen in Fig. 3B. The
xylan growth trial yielded similar initial growth between ~20 h and
116 h for all three strains. During this period, relatively consistent linear
growth was observed, in contrast to exponential growth. After 116 h, the
growth of YI59-Final slowed down and finally only reached 5.48 g/L
DCW. FIN1-Final growth slowed after 188 h, reaching a total DCW of
8.15 g/L, while YI13-Final kept increasing to reach 8.65 g/L, the highest
overall DCW obtained out of the three strains in this growth trial.
However, the DCW differences between FIN1-Final and YI13-Final were
not statistically significant (p = 0.17).

3.7. Fermentation of hemicellulosic substrates by engineered yeast strains

The production of ethanol from hemicellulosic substrates is an
important step in optimising lignocellulosic conversion processes and
maximising fuel production from LCB (Passoth and Sandgren, 2019).
Throughout this study, natural yeast strains were engineered to be well
equipped to utilise xylose as a sugar source, as well as to produce
xylanolytic enzymes to allow for the breakdown of xylan. To determine
whether these changes successfully enabled the conversion of
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hemicellulose substrates to ethanol, fermentations were conducted
using the hemicellulosic substrates, xylose and xylan, in minimal and
nutrient-rich media, and a combination of glucose and xylose fermen-
tation in nutrient-rich media was also tested. Samples were taken during
the anaerobic fermentations on xylose, xylan and glucose and xylose
media, respectively, and underwent ODggp measurements (xylan sam-
ples excluded) to determine growth. Metabolite concentrations (g/L),
determined by HPLC during xylose-only and glucose-xylose fermenta-
tions, together with DCW values (g/L), were plotted against cultivation
time for SCX (20 g/L xylose; Fig. 4A-C), YPX (20 g/L xylose; Fig. 4D-F),
and YPDX (20 g/L glucose and 20 g/L xylose; Fig. 5A-C) cultures. In
addition, metabolite concentrations obtained during xylan fermentation
are summarized in Table 3.

During the xylose fermentations, ethanol, xylitol, acetic acid and
glycerol were the only significant metabolites present in quantities
substantial enough to be quantified using HPLC (Supplementary
Table S5). Full metabolite concentrations during the YPDX fermentation
are included in the supplementary material (Supplementary Fig. S7A-C
and Supplementary Table S6). Fermentation on YP xylan yielded sub-
stantial metabolite production, with notable levels of ethanol, xylitol,
acetic acid and glycerol produced for all three strains, while there were
also higher levels of xylose present at the end of the fermentation
(Table 3). Production of other metabolites apart from ethanol in SC
xylan fermentations was minimal. The production of additional me-
tabolites on YPX and YP xylan, compared to SCX and SC xylan, can be
attributed to the nutrient-rich growth medium (YP) used which provides
additional nutrients that can be converted into byproducts, together
with enabling improved metabolism (Hahn-Hagerdal et al., 2005).
Ethanol was the most prominent metabolite product of the fermenta-
tions, and the ethanol concentrations over time on xylose, glucose and
xylose, and xylan are displayed in Figs. 6 and S8, respectively. Ethanol
production during the various fermentations is described using distinct
metrics: concentration refers to the amount of ethanol (g/L) present at a
specific time point; titre denotes the final ethanol concentration (g/L) at
the end of fermentation; and yield represents the amount of ethanol
produced per gram of xylose consumed, expressed in g/g.

The production of acetic acid in all fermentations was expected, as it
is a typical byproduct of alcoholic fermentation (Vasserot et al., 2010).
While the concentrations of acetic acid produced on SCX was too low to
affect the yeast (0.3 — 0.6 g/L), high concentrations of acetic acid (>
0.9 g/L) can be toxic to the yeast cells (Kitanovic et al., 2012). The
concentrations of acetic acid produced on YPX (1.2-1.5 g/L) and YP
xylan (1.1 - 1.3 g/L) may be high enough to have an impact on the
growth and fermentation of the yeast.

Xylitol formation is problematic in ethanol fermentation of xylan and
xylose, as xylitol production directly inhibits XI activity, while also
directing a portion of the xylose away from ethanol formation
(Songdech et al., 2022). Substantial amounts of xylitol were produced
during the SCX, YPX and YP xylan fermentation experiments, with 0.5 —
2.0 g/L (SCX), 1.6 — 2.6 g/L (YPX) and 0.6 — 1.1 g/L (YP xylan) xylitol
observed, respectively (Supplementary Table S5; Table 3). The knockout
of the GRE3 gene was successfully confirmed in YI13-Final and
YI59-Final, but it was unsuccessful in FIN1-Final. While the knockout of
GRE3, and thus elimination of the non-specific aldose reductase it en-
codes (Kobayashi et al., 2018), didn’t completely stop formation of
xylitol, it does appear to have improved xylose-utilisation and decreased
xylitol formation in YI13-Final and YI59-Final, compared to FIN1-Final.
The formation of xylitol in YI13-Final and YI59-Final may be due to the
reverse activity of non-specific aldehyde dehydrogenases, as was pre-
viously reported, with overexpression of acetaldehyde dehydrogenase 6
(ALD6) leading to increased xylitol production (Oh et al., 2012; Regmi
et al., 2024).

The concentration of free xylose in the fermentation medium during
xylan fermentations reflects both the efficiency of xylan degradation and
the rate at which the yeast assimilates the released xylose. Xylose con-
centrations increased during the SC xylan fermentation but decreased to



F. Kruger and R. den Haan

. 25
=
b0 20
=
9 15
=]
il
£ 10
[V
Q
c 5
o
(@]
0
0 20 40 60 80 100 120 140 160 180
Time (hours)
g T Ethanol - & -Xylose «<@=-Xylitol - =Aceticacid —e—DCW
=
S~
=
c
.0
=
©
b=
£
[]
[}
=
o
(&}
0 50 100 150 200
Time (hours)
c T Ethanol == Xylose —<@=-Xylitol -—A =Aceticacid —e—DCW
10
=
20 8
s )
= .
b= 2
o
o
0
0 20 40 60 .80 100 120 140 160 180
Time (hours)
------ Ethanol == Xylose =—m =Xylitol —a& =Aceticacid DCW

m
Concentration (g/L)

Journal of Biotechnology 417 (2026) 17-30

Concentration (g/L)

80 100

Time (hours)
Ethanol —e= Xylose =<=-Xylitol —a& =Acetic acid —e—DCW
10

120 140 160

20 40 80 100

Time (hours)
Ethanol = &= Xylose «=<@=-Xylitol —a& =Acetic acid —e—DCW

25 10
=)
8620 - 8
c -
.2 15 6 o
; s
B
*g 10 4 0
o
g 5 2
o
o
0 b + 0
0 20 40 60 80 100 120 140 160 180
Time (hours)
------ Ethanol —e= Xylose =-m=-Xylitol —a =Acetic acid DCW

Fig. 4. Product concentrations of fermentative growth of engineered yeast strains on xylose. The graphs show the average values (g/L) of ethanol, xylose, xylitol,
acetic acid and dry cell weight (DCW) produced for three cultures each of YI13-Final, YI59-Final and FIN1-Final grown on a-c) synthetic complete (SC) 20 g/L xylose
(SCX) (20 g/L xylose) and e-f) YPX (20 g/L xylose) media, in fermentation bottles under anaerobic conditions over a period of 168 h. Error bars represent the

standard deviations.

0.24-0.41 g/L by the end of the fermentation, while the concentrations
on YP xylan were even higher and ranged from 1.2 to 5.5 g/L after
fermentation. The accumulation of xylose during both fermentations
shows that the strains broke down xylan faster than they could use the
available xylose during the early stages of fermentation. The minimal
xylose present at the end of the SC xylan fermentation indicated that the
strains were able to use most of the xylose released. In contrast, there
was still substantial amounts of xylose present in the YP xylan media,
likely indicating that xylan was still being hydrolysed. The xylose con-
centrations for YI59-Final (5.5 g/L) in YP xylan (40 g/L) were much
higher than those of the other two strains (2.9 g/L for FIN1-Final and
1.2 g/L for YI13-Final). This aligns with the xylose-utilisation results
obtained for the strains during growth on YPX, with the xylose con-
centrations corresponding to the xylose utilisation efficiencies of the
strains.

3.7.1. Growth and ethanol yields obtained during xylose fermentation

As with the growth on SCX under aerobic conditions, YI59-Final was
once again the strain with the worst growth of the three strains on SCX
under anaerobic conditions, with a DCW concentration of 3.0 g/L, using
~63% of the available xylose (Fig. 4A-C). However, FIN1-Final was not
the strain with the best growth, reaching 4.9 g/L with only ~68% of
xylose used, while YI13-Final showed the best growth concentration
with 5.4 g/L and a total of ~76% of xylose used. The growth levels of the
strains after 168 h on YPX under anaerobic conditions mostly showed
expected improvement over the growth on SCX under anaerobic con-
ditions (Fig. 4D-F). YI59-Final reached a DCW of 5.3 g/L, with only
~44% of xylose used. Surprisingly, FIN1-Final had a very similar growth
level to YI59-Final with a maximum DCW of ~5 g/L but still used
comparatively more xylose (~61%). YI13-Final significantly (p < 0.01)
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outgrew both strains with a DCW value of 8.8 g/L and ~97% of the total
xylose used, proving to be the best xylose-utiliser under these condi-
tions. The lack of an XTR could explain why FIN1-Final didn’t perform
as well on both YPX and SCX under more challenging fermentation
conditions, whereas YI13-Final and YI59-Final showed growth more
consistent with that shown under aerobic conditions. YI13-Final was
able to use more of the available sugar in both fermentations, showing
the advantages of an XTR, especially under the more challenging
anaerobic conditions.

YI59-Final had the lowest ethanol production, with ~3.5 g/L of
ethanol for both SCX and YPX fermentations (Fig. 6A-B). FIN1-Final had
a very similar ethanol titre to YI59-Final on SCX, with ~3.6 g/L. The fact
that FIN1-Final didn’t perform better than YI59-Final in terms of ethanol
production in SCX, despite having the best xylose-utilisation under
aerobic conditions (Supplementary Fig. S6), further highlights the ef-
fects caused by the lack of an XTR and the presence of the intact GRE3
gene. However, on YPX the titre increased to ~4.3 g/L, a higher level
than YI59-Final achieved, indicating that the negative effects were less
noticeable in nutrient-rich media. YI13-Final had the highest average
ethanol concentrations at each time point of the SCX and YPX fermen-
tations. The maximum ethanol levels were ~4.5 g/L on SCX and ~7.1 g/
L on YPX, with ethanol yields of 0.30 and 0.39 g/g per utilised xylose,
respectively. However, the higher ethanol titres for YI13-Final produced
on SCX and YPX over YI59-Final and FIN1-Final were not statistically
significant (p = 0.23 and 0.19 on SCX and p = 0.09 and 0.11 on YPX).

3.7.2. Growth and ethanol yields obtained during glucose and xylose co-
fermentation

As mixtures of pentoses and hexoses are likely to occur in biorefinery
sugar streams, mixed sugar (xylose and glucose) fermentations were



F. Kruger and R. den Haan

A 25 14
= 2 - - 12
o = Fmm—s I 10 =
= 15 N e >
c \ MgaasA 8 =
S 0] g 6 =
E \{' .~ s 4 8
-~ -~
c 5 ~ ; 2
] -
2 o T USRI ihyind./.1 T
o 50 100 150 200
Time (hours)
------ Ethanol — - Glucose — &= Xylose —e— DCW
B 25 14
— 12
< —~
= 103
c 8 wvb
° 6 =
B (&)
© 4 0O
c
3 2
c + 0
S 0 50 100 150 200
Time (hours)
------ Ethanol —e- - Glucose - & =Xylose —eo—DCW
c 25 14
12
— 20 N~<
= s W 10 3
245 1\ S~ PR B = g B
c R e giissaets i -
2 10 \ = >< 6 =
® : T~ 4 8
S5 A\ S~ Qe
5 S 2
O N —$ - ====-y Fo
S 0 50 100 150 200
Time (hours)
------- Ethanol —¢- -Glucose -~ & = Xylose DCW

Fig. 5. Sugar and ethanol concentrations during fermentative growth of engi-
neered natural yeast strains on glucose and xylose. The graphs show the average
values (g/L) of ethanol, glucose, xylose, and dry cell weight (DCW) for three
cultures each of a) YI13-Final, b) YI59-Final and ¢) FIN1-Final grown on YPDX
(20 g/L glucose and 20 g/L xylose) media, in fermentation bottles under
anaerobic conditions over a period of 168 h. Error bars represent the stan-
dard deviations.

Table 3
Metabolite concentrations after 288 and 240 h of fermentation on SC- and YP-
xylan. All standard deviations are less than 10% of the average values obtained.

SC xylan

Ethanol Xylose Xylitol Acetic acid Glycerol
YI13-Final 2.97 g/L 0.30 g/L 0.03 g/L 0.00 g/L 0.00 g/L
YI59-Final 259g/L  0.41g/L 0.00g/L  0.03g/L 0.00 g/L
FIN1-Final 3.04 g/L 0.24 g/L 0.14 g/L 0.03 g/L 0.00 g/L
YP xylan

Ethanol Xylose Xylitol Acetic acid Glycerol
YI13-Final 4.7 g/L 1.2g/L 0.6 g/L 1.3g/L 0.3 g/L
YI59-Final 3.4 g/L 5.5 g/L 1.1g/L 1.1g/L 0.3 g/L
FIN1-Final 3.8 g/L 2.9¢g/L 1.0 g/L 1.1g/L 0.3g/L

included to evaluate conversion capabilities when both sugars were
present. YI13-Final and FIN1-Final showed comparable levels of growth,
reaching maximum DCW values of ~11 g/L, while YI59-Final again
showed significantly less growth with a DCW of only ~6 g/L (Fig. 5). As
expected, the strains used glucose a lot quicker than xylose, with
virtually all the glucose (20 g/L) being used within 24-72 h. After
glucose was consumed completely, xylose was rapidly consumed, with
roughly 93%, 51% and 99% of the available xylose used by YI13-Final,
YI59-Final and FIN1-Final, respectively.

As expected, the addition of glucose to xylose in the YP medium led
to higher ethanol titres (Supplementary Table S6) compared to those
produced in YPX (Supplementary Table S5). All three strains produced
high levels of ethanol, with 17.5 g/L, 13.4 g/L and 15.7 g/L for YI13-
Final, YI59-Final and FIN1-Final, respectively (Supplementary
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Fig. S8). The high ethanol titres and consumption of most of the avail-
able xylose and glucose during the fermentation on YPDX (20 g/L
glucose and 20 g/L xylose) show that these strains could utilise a
mixture of xylose and glucose without noticeable negative effects on the
metabolism of either sugar, though most of the available glucose was
depleted prior to xylose utilisation. YI13-Final performed especially well
with 17.5 g/L ethanol from 20 g/L glucose and 20 g/L xylose (40 g/L
total sugars), representing ~88% of the theoretical maximum ethanol
yield from the available sugars, with an ethanol yield of 0.45 g/g per
total sugar used. This strain had notable byproduct formation, and some
xylose left unutilised, thus further optimisation of the strain could
improve its efficiency.

3.7.3. Ethanol yields obtained during xylan fermentation

YI59-Final was the worst performing strain across the SC xylan and
YP xylan fermentations, with 2.6 g/L and 3.4 g/L ethanol produced,
respectively (Fig. 6C-D). FIN1-Final performed only slightly better than
YI59-Final, producing ~3 g/L on SC xylan and 3.8 g/L on YP xylan.
YI13-Final had almost identical ethanol levels to FIN1-Final on SC xylan,
producing a total of ~3 g/L ethanol. The strains thus had similar xylan
conversion capabilities in nutrient-poor media, indicating that the lack
of additional nutrients in the growth medium was a limiting factor in the
conversion of xylose to ethanol. However, YI13-Final excelled in xylan
conversion in YP xylan, with an ethanol titre of 4.7 g/L, higher than
YI59-Final and FIN1-Final.

4. Discussion

In this study natural isolate strains of S. cerevisiae, selected for traits
desirable in the 2 G bioethanol industry, were engineered to directly
convert the lignocellulosic polymer xylan into ethanol. As a priority,
xylose utilisation was established by integrating an XI pathway that
included an XTR, after which strains were further adapted to enhance
growth on xylose. We demonstrated that the addition of the XTR enco-
ded by C.i.gxfl (XTR1), one of the best described heterologous XTRs
(Bueno et al., 2020), improved xylose-utilisation by decreasing the lag
phase and allowing for higher growth concentrations overall. XTR2 and
XTR3 performed poorer in comparison to published data (Bueno et al.,
2020; Jiang et al., 2020). The differences in heterologous transporter
production observed in our yeast strains compared to published work
could be attributed to variations in expression strategies, such as the
choice of chromosomal integration sites and the promoters or termina-
tors used (Zhao et al., 2024). Additionally, the genetic backgrounds of
the yeast strains play a significant role, as different strain backgrounds
often result in varying levels of heterologous gene expression.

Consistent with earlier findings, we again showed that ALE is a
powerful approach for enhancing xylose utilisation in strains engineered
for xylose consumption. ALE helps to overcome metabolic bottlenecks
and fermentation inhibitors by facilitating mutations in the genomes of
the xylose-utilising strains, leading to increased ethanol yields and
improved xylose consumption (Diao et al., 2013; Park et al., 2020). Our
use of minimal media may have introduced additional stress on the
cultures, and the use of rich media could potentially have yielded
different outcomes. However, we aimed to ensure adaptation to xylose
rather than adaptation to other carbon components present in rich
media. ALE was also attempted under anaerobic conditions in rubber
stoppered serum bottles, but this led to flocculation, a known stress
response, as well as little to no ethanol production.

The significantly improved growth of the fifteen-round adapted
strains powerfully illustrates the improvements made in xylose-
utilisation compared to the three-round adapted strains (Fig. 1). The
improvements made and the ability to use up to ~80% of available
xylose in minimal media is an important step towards the goal of max-
imising the total amount of sugar used in LCB (Mert et al., 2016). The
ability of YI13-XI/XKS, YI59-XI/XKS and FIN1-XI/XKS adapted for
fifteen rounds to show high levels of growth on xylose (despite having a
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Fig. 6. Ethanol concentrations produced during fermentation of xylose and xylan by engineered natural yeast strains. Graphs show the average ethanol concentration
(g/L) for three cultures of each strain grown under anaerobic conditions. Cultures were grown on a) synthetic complete (SCX) medium or b) YPX medium containing
20 g/L xylose, c) synthetic complete medium containing 40 g/L xylan, and d) YP medium containing 40 g/L xylan. Fermentation was monitored over 168 h for
xylose and 288 h for xylan. Error bars represent the standard deviation between the cultures.

slightly longer lag phase) while lacking XTRs is likely explained by the
presence of the native HXT, which can function to transport xylose in the
absence of glucose (Bueno et al., 2020; Vasylyshyn et al., 2020). Despite
this, the presence of XTR1 still noticeably improved xylose-utilisation in
the strains that underwent fifteen rounds of ALE, with these strains
showing improvements in the form of shorter lag phases and doubling
times when grown on SCX media, indicating the benefits conferred by
the presence of an XTR in the adapted strains (Table 2).

Successful growth of S. cerevisiae is dependent on the uptake of
numerous nutrients, including vitamins, amino acids and metal ions,
among others, with carbon sources, nitrogen sources and growth factors
being particularly important (Wang et al., 2024). The minimal SC
growth medium likely had an insufficient amount of nutrients to facil-
itate complete usage of carbon sources, limiting the growth of
S. cerevisiae and complete usage of xylose. The developments made in
the engineered strains nonetheless highlight how important ALE is in
improving xylose-utilisation and provided us with the best-performing
strains to continue with for further engineering to enable direct con-
version of polymeric xylan to ethanol. Although the specific mutations
underlying these strain improvements are of significant interest, they
will be investigated in future work following additional ALE of the final
strains on xylan-based substrates. These studies will involve
whole-genome sequencing and complementary omics analyses to
elucidate the nature of the mutations and assess their functional impact.

Subsequently, two xylanolytic activities were introduced into the
strains. The T.r.xyn2 gene encoding a GH11 endo-p-xylanase was inte-
grated into GRE3 integration sites in the genomes of the strains engi-
neered and adapted for xylose-utilisation, to confer xylanase activity

26

and simultaneously disrupt the GRE3 gene encoding a non-specific
aldose reductase. The knockout of GRE3 has been shown to improve
xylose conversion to ethanol by minimising production of the byproduct
xylitol (Songdech et al., 2022). An engineered lab strain described in
Kruger and Den Haan (Kruger and Den Haan, 2022) had an overall
xylanase activity level of 67.79 U/gDCW, using the same ENOI pro-
moter. The significant difference (p = 0.01) in activity levels observed
in the natural strains (Fig. 2) compared to the laboratory strains could be
explained by the different strain backgrounds (Uebayashi et al., 2018) as
diverse genetic backgrounds can lead to varying secretion of heterolo-
gous proteins (Davison et al., 2016; Minnaar and Den Haan, 2023).
Davison and coworkers (2016) reported a significant variation in het-
erologous cellulase activities when different yeast strains, including
those used in this study, were employed as expression hosts. Another
factor that could influence expression levels is the genome loci used for
integration of T.r.xyn2. It was previously shown that the activity levels
of a heterologous enzyme may depend on the site used for the integra-
tion of the gene encoding the activity (Jacob et al., 2022). Differences in
metabolism due to different carbon sources used for the cultivation
would also account for some of the variation observed (Lane et al.,
2018a).

Previously, we found that surface display of the GH43 xylosidase
encoded by P.tr.xIn43 provided better overall xylosidase activity and
xylanolytic capabilities to S. cerevisiae compared to secretion (Kruger
and Den Haan, 2022). Thus, P.tr.xIn43-SED1 was engineered into the
yeast strains to provide them with surface-tethered xylosidase activity.
In contrast to the xylanase activity, there was no noticeable difference in
the ability of the strains to express the xylosidase enzyme encoded by P.
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tr.xIn43-SED1 (Fig. 2). This could be attributed to limited space for
tethering enzymes to the cell wall in each strain, which imposes a limit
on the maximum activity achievable for cell-tethered enzymes (Den
Haan et al., 2023). In contrast, secreted enzymes, like the xylanase in
this study, would not face such spatial constraints.

All three Final strains took longer to grow on SCX after additional
engineering with xylanolytic genes. This can likely be ascribed to
metabolic burden caused by the expression of the heterologous xyla-
nolytic genes (Mao et al., 2024; Ravn et al., 2024). Further adaptive
evolution of the Final strains on SCX media could help offset the effects
of this metabolic burden. During growth of the Final strains on YPX, the
negative controls showed some growth and decreased xylose concen-
trations over time, likely due to the presence of extra peptones, leading
to some growth of the cells, while native HXT would have facilitated
some uptake of xylose (Vasylyshyn et al., 2020). However, it’s doubtful
that the xylose was metabolised, as native strains of S. cerevisiae lack the
pathways needed, and do not assimilate xylose (Jin et al., 2004).
Overall, the growth trial in nutrient-rich media showed the abilities of
the strains to utilise xylose when sufficient nutrients were present, with
almost full conversion of xylose, due to the rational and evolutionary
engineering. However, during conversion of pretreated LCB, fermenta-
tion conditions will be harsher, with strains likely facing nutrient-poor
conditions, fermentation inhibitors, heat and osmotic stress, in addi-
tion to product-related stress parameters (Li et al., 2022).

The growth trial with XOS as sole carbon source showed a notable
difference in the ability of the three Final strains to grow on this sub-
strate (Fig. 3A). While enzyme activity levels should have an impact on
the ability to grow on polymeric substrates like XOS that require enzy-
matic hydrolysis, the xylosidase activity was similar across all three
strains (Fig. 2C). Thus, the efficiency of the Final strains’ growth on XOS
seems to have mainly been influenced by their ability to utilise xylose.
This is supported by the similar trends in the efficiency of growth shown
by the strains on SCX. The added complexity of breaking down the XOS
to release free xylose and the inhibitory effects on hemicellulolytic en-
zymes caused by the presence of XOS (Qing et al., 2010) likely
contributed to a greater disparity in growth performance across the
strains. However, once growth started, the strains could use the free
xylose with similar strain-specific efficiencies as shown in the SCX
growth trial.

The results of the xylan growth trial showed the combined influence
of xylanolytic enzyme activity levels and xylose-utilisation efficiency
(Fig. 3B). The fast initial growth of the strains may be due to the pres-
ence of some free xylose units released through autoclaving the xylan
media, allowing initial growth. However, this wasn’t followed by
exponential growth, as the supply of free xylose was likely limited and
dependent on the breakdown of xylan and XOS. After 116 h, further
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limiting factors were noticeable. While YI59-Final had the best xylanase
activity when cultivated on xylose, it was likely limited in growth by its
lower growth levels shown on xylose compared to the other two strains
(Fig. 4), once xylose conversion became a rate-limiting factor. YI13-
Final and FIN1-Final showed better growth levels on xylose, hence
their growth was not impacted to the same extent after 116 h, as they
were able to successfully utilise the increasing amount of xylose released
through the degradation of xylan and XOS, and keep their increase in
biomass production consistent. The growth curves on XOS and xylan
showed that the final engineered natural strains were capable of growth
on both polymeric substrates.

The ethanol titres obtained for YI13-Final from xylose (Fig. 4) can be
compared to those of a similar study that developed a xylose-utilising
S. cerevisiae strain (Xie et al., 2020), as well as other studies that engi-
neered xylose-utilising strains (Table 4). The best performing strain in
Xie et al. produced 12.7 g/L ethanol with a yield of 0.38 g/g per
consumed xylose and 91% of total xylose used when grown on YPX
(40 g/L xylose) under fermentative conditions after 48 h. Compara-
tively, YI13-Final produced 7.1 g/L ethanol with a 0.39 g/g per utilised
xylose ethanol yield, utilising 97% of the total xylose after 120 h of
fermentative growth on YPX (20 g/L xylose), representing ~76% of the
theoretical maximum ethanol yield from the utilised xylose. Keeping in
mind the notable differences in experimental setups of these studies,
both report the successful construction of xylose-utilising yeast strains
capable of producing high levels of ethanol.

During co-fermentation of glucose and xylose, xylose was converted
to ethanol at production levels comparable to those observed on YPX
(Supplementary Table S6). This was unexpected, as numerous studies
have reported that the presence of glucose inhibits xylose utilisation
(Lane et al., 2018b; Li et al., 2016b). In contrast, xylose utilisation in our
adapted strains appeared to be largely unaffected by glucose, though
glucose was depleted before significant xylose utilization began.
Although this observation is noteworthy, a range of environmental,
metabolic, and genetic factors may have contributed to this outcome
(Lane et al., 2018a, 2018b). Given that previous studies consistently
report glucose-mediated repression of xylose metabolism, the mecha-
nisms underlying the apparent co-utilisation of glucose and xylose in our
engineered strains require thorough investigation in subsequent studies
before definitive conclusions can be drawn.

The ~4.7 g/L ethanol titre for YI13-Final from YP xylan (40 g/L)
fermentation (Fig. 6D) is among the highest observed for a direct mi-
crobial conversion of polymeric xylan to ethanol. Other studies that
have engineered S. cerevisiae as a host for xylan-to-ethanol conversion
that reported comparable ethanol production used substantially higher
inoculum and substrate loads (Table 4). For example, Katahira et al.
(2004) showed strains capable of producing 7.1 g/L during fermentation

Table 4
Comparison of final ethanol titres produced by engineered Saccharomyces cerevisiae strains during fermentation of hemicellulosic substrates in synthetic media.
Strain Sugar (g/ Initial inoculum Time Ethanol titre Ethanol yield (g/g  global volumetric ethanol Reference
L) (OD600/DCW) (h) (g/L) sugar) productivity (g/L/h)
MT8-1/pUCSXIIXA/ Xylan 50 62 7.1 0.30 0.11 Katahira et al., (2004)
pPWX1X2XK 100
BSGIBX XO0S 20 0.5 g/L (~0.8-1.5) 36 4.37 N/A 0.12 Niu et al., (2019)
HZ3345 Xylan 10 50 80 0.95 0.31 0.01 Sun et al., (2012)
M-GH43-S-x2 Xylan 20 1 120 0.47 N/A 0.004 Kruger and Den Haan,
(2022)
YI13-Final Xylan 40 0.5 288 4.7 N/A 0.02 This work
BWY10Xyl Xylose 25 0.6 120 7.7 0.43 0.06 Brat et al., (2009)
GS1.11-26 Xylose 35 1.3g/L (~3-3.5) 17 16.1 0.46 0.60 Demeke et al., (2013)
CIBTS0555 Xylose 40 1 32 17.7 0.44 0.55 Diao et al., (2013)
SR8 Xylose 80 1 36 29.6 0.37 0.79 Kim et al., (2013)
LF1 Xylose 40 0.5 g/L (~0.8-1.5) 24 18 0.45 0.75 Li et al., (2016a)
MA-R4 Xylose 40 2.3 g/L (~4-8) 72 13.6 0.34 0.19 Matsushika et al.,
2014
H18s28 Xylose 40  0.05 48 12.7 0.38 0.26 Xie et al., (2020)
YI13-Final Xylose 20 0.5 120 7.1 0.39 0.06 This work
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of 100 g/L birchwood xylan with the cell density reflecting an ODggq of
50. Another study found that an engineered xylose-utilising strain of
S. cerevisiae displaying a mini-hemicellulosome could hydrolyse and
convert arabino-xylan to ethanol, producing ~0.95 g/L (Sun et al.,
2012). Chaudhary et al. (Chaudhary et al., 2023) reported higher
ethanol titres using an engineered strain on a pretreated corn cob
hemicellulose substrate. However, the strains used in these studies
required inoculums with a final ODggp of 50 or up to 100 g of wet
yeast/L, whereas we used an inoculum with an ODgg of 0.5 for fer-
mentations. Additionally, the best performing engineered laboratory
strain M-GH43-S from Kruger and Den Haan (Kruger and Den Haan,
2022) produced 0.47 g/L ethanol when grown on YP xylan (20 g/L)
media with a starting ODggp of 1, which shows the significant im-
provements made in the ability to convert xylan in the engineered nat-
ural strains over the engineered lab strains (p = 0.01). This highlights
the notable xylan conversion achieved by our engineered yeast strains,
positioning them as useful chassis strains for further development to-
ward more application-relevant lignocellulosic fermentation conditions.

It’s important to note that the xylan substrate used in the fermen-
tation experiments was a glucuronoxylan, which, in addition to chains of
xylose, also contains glucuronic acid side chains as well as a small
number of other sugars (Luo et al., 2023). While endo-p-xylanase and a
f-D-xylosidase are the most important enzymes in xylan breakdown, the
actions of other enzymes like a-D-glucuronidase and other side-chain
active enzymes are required to fully hydrolyse complex polymers like
glucuronoxylan (Suchovd et al., 2022). The glucuronoxylan used here
consisted of xylose, glucuronic acid and other sugars in the ratio of
84:10.3:5.7, according to the manufacturer. The complex structure of
the glucuronoxylan substrate used means that the xylanase and xylosi-
dase activity expressed by our engineered strains was not enough to
facilitate the full breakdown of xylan. Since xylose makes up ~84% of
the substrate used, there should have been ~33.6 g/L xylose present in
the fermentations. The theoretical maximum ethanol titre from 33.6 g/L
xylose is 17.4 g/L, while the highest ethanol titre produced from the
xylan substrate was ~4.7 g/L by our strains. This means that only a
fraction of the total xylose present in the substrate was taken up and
converted to ethanol, with ~27% of the theoretical maximum ethanol
titre from the total xylose present in the xylan substrate reached. It is
thus likely that the lack of xylan side chain-degrading enzymes was a
limiting factor in the conversion of xylan in this case, with the intro-
duction of accessory enzymes being a possible solution to this problem
(Bueno et al., 2023).

Ethanol production from xylan showed that the final engineered
strains could convert a substantial amount of polymeric xylan, meaning
that they could break down xylan and XOS, while also utilising xylose in
both minimal and nutrient-rich media. Although previous studies have
demonstrated the conversion of xylose and xylan to ethanol, this work is
distinguished by the direct microbial conversion of xylan to ethanol
without the addition of exogenous xylan-degrading enzymes. Further-
more, the relatively low inoculum sizes employed here differentiate this
study from others targeting xylan bioconversion and better reflect
economically realistic fermentation conditions. In addition, the use of
natural isolates as chassis strains provides a valuable platform for
developing S. cerevisiae strains capable of xylan fermentation while
retaining desirable industrial traits, such as robustness under environ-
mental stress, tolerance to inhibitory compounds, and strong heterolo-
gous protein expression capacity. Finally, the implementation of
CRISPR-mediated genome engineering offers the strategic advantage
of marker recycling, enabling iterative and more extensive strain engi-
neering to further enhance performance as required.

Throughout the growth and fermentation experiments, notable
strain-specific differences were observed in the respective strains. One
contributing factor to these performance differences is the different
strain engineering strategies, with the integration of a xylose transporter
and the knockout of GRE3 in FIN1-Final being unsuccessful, while the
changes were successful in YI13-Final and YI59-Final. The lack of a
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xylose transporter may explain why FIN1-Final used less xylose during
anaerobic growth, as effective uptake of xylose is critical during
fermentative growth and the presence of a transporter would likely
improve intracellular substrate flux, leading to higher ethanol yields
(Taveira et al., 2024; Zhao et al., 2020). The presence of GRE3 in
FIN1-Final also led to the production of higher levels of xylitol, directly
limiting the amount of xylose that could be converted to ethanol,
explaining the lower ethanol levels (Songdech et al., 2022).

Another aspect is the intrinsic metabolic and regulatory differences
between the strain backgrounds. The natural isolates used were shown
to have diverse genetic backgrounds with phenotypic variations be-
tween strains (Davison et al., 2016; De Witt et al., 2019; Minnaar et al.,
2023), leading to differences in metabolic and regulatory pathways,
such as stress response and heterologous expression capabilities (Scholes
et al., 2024; Zhao et al., 2024). Although these strain-specific mecha-
nisms were not directly investigated in the present study, this previous
research has documented variation in stress tolerance and metabolic
regulation among natural yeast isolates. Such differences provide a
plausible explanation for the distinct performance profiles observed
among the three strains evaluated here.

Overall, the limited xylan conversion observed in this study, evi-
denced by the production of only ~27% of the theoretical maximum
ethanol titre from xylan, remains a major constraint for efficient ethanol
production from this substrate. These findings indicate that the strains
require further engineering to enhance their xylanolytic capacity and
improve overall conversion efficiency. Additionally, optimisation of
fermentations, including substrate pretreatment, substrate loading,
inoculum size, and supplementation of fermentation medium nutrients,
could further enhance their performance.

5. Conclusions

This study underscored the need for comprehensive conversion of
the total sugar content in LCB to make bioethanol a viable alternative in
the search for a renewable, carbon-neutral energy source to replace
fossil fuels (Das et al., 2023; Mert et al., 2016). Xylan is the most
abundant hemicellulose polymer in LCB, with xylose being the most
prominent sugar monomer (Chaudhary et al., 2023). This study, there-
fore, explored developing natural strains of S. cerevisiae with
xylose-utilisation and xylanolytic capabilities, allowing for the conver-
sion of xylan with the goal of maximising LCB conversion. This was done
through rational engineering of the strains YI13, YI59 and FIN1 with a
xylose utilisation pathway including an XTR, and ALE on minimal media
with xylose as the sole carbon source. This approach successfully yielded
strains capable of xylose utilisation, consuming up to 80% of xylose
when grown in minimal medium and up to 98% when grown in rich
medium with xylose as the sole carbon source. To allow for the hydro-
lysis of xylan, the strains were engineered with surface-tethered xylo-
sidase and secreted xylanase activities. While all three ‘Final’ strains
showed promising results in terms of xylan conversion, YI13-Final was
the best performing strain overall for fermentation of 40 g/L xylan,
producing ~3 g/L ethanol on SC media, and ~4.7 g/L on YP media. This
represents ethanol titres among the highest yet reported in direct mi-
crobial conversion of xylan to ethanol. The development of
xylose-utilising strains capable of xylan conversion to substantial
amounts of ethanol was thus successful, although incomplete conversion
of xylan remains a major challenge of ethanol production from xylan.
There are also improvements to be made in terms of increasing the
overall xylose consumption and optimising xylan degradation. The po-
tential to convert an abundant LCB polysaccharide to bioethanol makes
these strains valuable in the context of second-generation biofuel pro-
duction, with potential applications, including combination with cellu-
lose utilising strains and further engineering with cellulases to allow for
improved LCB conversion, being attractive prospects. The strains
developed in this study represent a step closer toward the industrial
bioconversion of lignocellulosic biomass (LCB) into ethanol and other
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value-added chemical products, provided that higher levels of polymer
conversion can be achieved.
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